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Abstract 
We present a simple industrially upscaleable process for the fabrication of bifacial n-type silicon solar cells. A 
process simplification is achieved by simultaneous diffusion of phosphorus back surface field (BSF) and boron 
emitter in one single high temperature process, the so called co-diffusion. A borosilicate glass (BSG) layer, deposited 
by atmospheric pressure chemical vapor deposition (APCVD) and an atmosphere containing POCl3 in an industrial 
tube furnace serve as dopant sources. We show that the oxygen concentration in the furnace during diffusion affects 
the boron surface concentration. This is a simple method to avoid boron rich layer formation and adjust the emitter 
sheet resistance. The doping profile of the phosphorous diffused BSF is controlled by adjusting the N2-POCl3 gas 
flow during diffusion allowing for independent manipulation of profile depth and surface concentration. For very 
high concentrations of POCl3 in the atmosphere during diffusion significant diffusion of phosphorus into the boron 
emitter, the so called cross doping, is observed. By lowering the POCl3 concentration cross doping can be reduced 
below the measurement accuracy.  
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013 
conference 
 
Keywords: Co-diffusion; n-type; bifacial; APCVD 
1. Introduction 
Many applications in research have demonstrated the high efficiency potential of n-type silicon solar 
cells1,2 The increase in efficiency compared to p-type Czochralski (Cz) solar cells is mainly due to a 
reduced bulk recombination. This is caused by a higher tolerance to common metallic impurities and the 
absence of B-O complexes and thus light induced degradation3. One major difference between n and p-
type solar cells is that n-type solar cells in general exhibit at least two diffused areas e.g. a boron doped 
emitter and a phosphorus doped back surface field (BSF). In state of the art processing these areas are 
diffused in separate high temperature steps using gaseous sources, e.g. BBr3- and POCl3-atmospheres 4. 
The additional diffusion step, compared to p-type solar cell manufactoring implicates additional process 
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complexity and process cost.  
To avoid this additional effort, many different approaches exist to form boron emitter and phosphorus 
BSF in one single high temperature step, the so called co-diffusion. Approaches that have been performed 
so far include diffusion from screen printing pastes (efficiency: 8.5%) 5, diffusion from solid (plasma 
enhanced chemical vapor deposition) and gaseous sources (efficiency of 13.4%) 6 and ion implantation 
(cell efficiency 18.6%) 7. In this work we present co-diffusion from a POCl3 atmosphere and a BSG layer 
deposited by atmospheric pressure chemical vapor deposition (APCVD). The main advantage of this 
approach is its industrial feasibility. Diffusion furnaces for POCl3 diffusion already exist in current 
productions lines for standard p-type solar cells. The only upgrade needed for the diffusion process are 
APCVD-maschines which are known to be suitable for large scale industrial production e.g. from 
experience in the microchip industry.  
In the course of this paper we will address the following questions that arise when performing co-
diffusion from APCVD deposited borosilicate glass and an atmosphere containing POCl3.  
1. The effective diffusivity of phosphorus in silicon is higher than the effective diffusivity of boron, 
Thus parameters need to be 
identified to control phosphorus diffusion independently from the boron diffusion.  
2. The main issue concerning boron diffusion is certainly to prevent boron rich layer formation while 
maintaining a high homogeneity of the sheet resistance over the wafer. A boron rich layer (BRL) is 
known to hinder surface passivation and thus a BRL free wafer surface is needed before passivation. 
Another question is if there are parameters that allow for independent manipulation of the boron doping 
profile while leaving the phosphorus doping profile unchanged. This would give a high flexibility to the 
doping process and would allow for the use with different cell concepts, metallizations, etc. 
3. When performing boron and phosphorus diffusion simultaneously the interaction between the two 
doping processes, e.g. issues such as cross doping, need to be addressed. 
2. Experiment 
In order to understand the co-diffusion process we investigate phosphorus and boron diffusion 
separately. Then we analyze how the process atmosphere of the phosphorus diffusion affects the diffusion 
from the APCVD layer. 
2.1. Diffusion processes 
The boron diffusion process is characterized concerning doping profile, sheet resistance and carrier 
recombination. The doping profile is determined on planar 156x156mm2 wafers by electrochemical 
capacitance voltage (ECV) measurements. The sheet resistance is determined by inductive 
measurements 8 of 125x125 mm² alkaline textured wafers. The same wafers are used to characterize 
carrier recombination. An inline atmospheric pressure chemical vapor deposition (APCVD) tool by 
SCHMID is used for deposition of BSG layers and SiOx capping layers. These wafers are then subjected 
to a high temperature step in an industrial tube furnace (Figure 1). The sheet resistance is determined 
directly after diffusion. Then the APCVD layers are removed by HF-etching and the doping profile is 
measured by ECV. 
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Fig. 1. Simplified layout of the co-diffusion process. A borosilicate 
glass (BSG) layer is deposited on one side of the wafer and capped by 
an amorphous silicon oxide (SiOx) layer, both deposited by atmospheric 
pressure chemical vapor deposition (APCVD). During a high 
temperature step in an atmosphere containing POCl3, boron diffuses 
from the BSG layer into the wafer. On this side of the wafer the 
dielectric layers act as a diffusion barrier against the phosphorus. At the 
same time on the other side of the wafer phosphorus diffuses from the 
atmosphere into the wafer. 
 
 
Symmetrical p+np+ carrier lifetime samples to characterize the boron diffusion are fabricated using 
230 μm thick, alkaline textured n-type Float Zone (FZ) Here 
the APCVD layers are deposited on both sides of the sample. The wafers are subjected to a co-diffusion 
process described in figure 3. After removal of the APCVD layers in an HF-solution, wafers are 
passivated by an AlOx/SiNx stack deposited by plasma enhanced chemical vapor deposition (PECVD). 
After contact firing quasi-steady-state photoconductance measurements8 (QSSPC) using the lifetime 
tester WCT120 yield the dark saturation current density J0 by the high injection method. 9 
The phosphorus diffusions are characterized concerning doping profile, sheet resistance and carrier 
recombination. Planar 156x156 mm² Cz wafers are used for ECV measurements and for inductive 
measurements of the sheet resistance. Symmetrical n+pn+ lifetime samples for the phosphorus diffusion 
are fabricated using 215 μm saw damage etched p-
After diffusion the phosphosilicate glass (PSG) is removed in am HF-solution. Then standard 
antireflection SiNx is deposited on both sides of the silicon wafer by PECVD. After contact firing the dark 
saturation current density is extracted from the minority carrier lifetime in low level injection10 . 
3. Results and discussion 
3.1. Boron diffusion from a BSG layer deposited by APCVD 
The main issues with boron diffusion are boron rich layer (BRL) formation and doping homogeneity. 
The BRL hinders an effective surface passivation. One way remove the BRL is by a thermal oxidation 
and subsequent immersion in an HF-solution. Our approach is to avoid BRL formation in-situ, by 
choosing an adequate oxygen concentration in the atmosphere during diffusion with the aim maintain a 
high concentration of boron close to the surface. 
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Fig. 2. Boron doping profiles formed by diffusion (950°C, 30 
min) from APCVD deposited BSG. Low O2
the oxygen concentration in the atmosphere is very low. The 
2 
2 n the APCVD layers are 
removed and these wafers are subjected to a second high 
temperature step in an oxidizing atmosphere. 
 In High O2 ygen concentration during 
diffusion is increased 2   
Fig. 3. Influence of SiOx capping layer thickness and oxygen 
gas flow on boron doping profile. Saw damage etched wafers 
are diffused in a diffusion furnace (30 minutes, 950°C). Each 
wafer features the same boron glass and either 100nm or 200nm 
thick SiOx capping layers on top. The oxygen gas flow in the 
atmosphere during the plateau is varied also. Doping profiles 
are measured by ECV. 
 
Figure 2 shows three boron doping profiles measured by ECV on a planar surface, the diffusion source 
being an APCVD BSG layer, capped by a SiOx layer also deposited by APCVD. The maximum diffusion 
temperature is 950°C with a plateau time of 30 minutes. The Low O2 exhibits a low oxygen 
concentration and does not prevent boron rich layer formation. BRL formation is confirmed by the 
hydrophilic behavior of the wafer surface after diffusion and removal of the APCVD layers.  
2 Low O2
APCVD deposited layers are removed. Afterwards the wafer is subjected to a second high temperature 
step below 900°C in an oxidizing atmosphere. During this step the BRL is oxidized and the boron surface 
concentration is reduced.  
2
profile 2
atmosphere. An increase in oxygen concentration decreases the surface concentration and also the 
maximum doping concentration in the wafer. Since the wafer surface is hydrophobic after removal of the 
glasses in HF, no boron rich layer is present. It is important to note that the doping concentration in the 
first 200 nm is almost constant, 2  there is no distinct 
dip in doping concentration close to the surface. 
One central conclusion is that in-situ oxidation allows for higher surface concentrations than post-
oxidation since no surface depletion is observed. This is especially important when high surface 
concentrations are required for contact formation.  
 
Figure 3 presents the influence of the oxygen concentration in the process atmosphere on the boron 
doping profile in more detail. The oxygen concentration is changed by adjusting the oxygen gas flow. All 
doping profiles are obtained using the same BSG deposition parameters and the same temperature profile 
during diffusion, again a maximum temperature of 950°C with a plateau time of 30 minutes. An increase 
0 150 300 450 600
1017
1018
1019
1020
         SiOx-Cap., O2 gas flow, Rsh
 200 nm    , standard    , 69 /sq 
 100 nm    , standard    , 74 /sq
 100 nm    , +50%         , 94 /sq
 
 
A
ct
iv
e 
bo
ro
n 
co
nc
en
tra
tio
n 
[c
m
-3
]
Depth [nm]
20 40
3x1019
4.5x1019
0 200 400
1017
1018
1019
1020
1021
 Low O2, 53 /sq
 Low O2 + oxidation, 63 /sq
 High O2 , 74 /sq
 
 
A
tiv
e 
bo
ro
n 
co
nc
en
tra
tio
n 
[c
m
-3
]
Depth [nm]
 Philip Rothhardt et al. /  Energy Procedia  38 ( 2013 )  305 – 311 309
in oxygen gas flow lowers the maximum doping concentration and thus also the surface concentration. 
Increasing the capping layer thickness from 100 nm to 200 nm for equal oxygen gas flows leads to a 
higher boron surface concentration.  
The increase in surface doping concentration with increasing capping layer thickness can be explained 
by a reduced oxidation of the silicon wafer surface. Since the capping layer is thicker, less oxygen 
diffuses through the layer towards the wafer surface. Thus oxidation of the wafer surface is decreased 
leading to a higher surface concentration.  
Especially the effect of the SiOx capping layer is of high importance, since it allows for a targeted 
manipulation of the boron doping profile without having an impact on the phosphorus doping profile. 
The 2 gas flow exhibits a dark saturation current density of 
80 fA/cm² (textured surface), a contact resistance of 10 m for a screen printed contacts using 
commercially available screen printing paste and a sheet resistance Rsh . These parameters are 
well suited for solar cell applications.  
3.2. Phosphorus diffusion from POCl3 
 
 
Fig. 4. Schematics of the co-diffusion process. During the first 
deposition & drive-in phase a deep phosphorus doping profile is 
created. During the second deposition phase the phosphorus 
surface concentration is raised to allow for contact formation by 
screen printing.  
Fig. 5. Active phosphorus doping concentration determined by 
electrochemical capacitance voltage (ECV) measurement. By 
variation of the N2-POCl3 gas flow during the second deposition 
phase the surface concentration of the doping profile can be 
adjusted independently from the depth of the doping profile.  
 
One of the main challenges for phosphorus diffusion in a co-diffusion process is to diffuse at 
temperatures that allow for adequate boron diffusion and still achieve a suitable phosphorus doping 
profile. As a very crude rule of thumb one can estimate that boron diffusion requires temperatures around 
100°K higher than phosphorus for similar doping profiles. The main point here is that the phosphorus 
doping should not be too high since this causes considerable carrier recombination. In order to show that 
a suitable phosphorus diffusion is possible at such temperatures we choose a diffusion process that 
incorporates a plateau temperature of 950 °C and time of 30 minutes.  
The schematics of the diffusion process are depicted in figure 4. In the first deposition phase a deep 
diffusion with a doping concentration well below 1020 atoms cm-3 is created. The depth of this phosphorus 
doping profile can be adjusted by varying the N2-POCl3 gas flow during the first deposition phase. The 
high temperature during the first phase allows adequate boron emitter formation. To allow for contact 
formation with screen printing the phosphorus surface concentration of the BSF is increased during the 
second deposition phase (Figure 5). By increasing the N2-POCl3 gas flow during the second deposition 
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phase the surface concentration can be increased from 4x1019 cm-3 to above 3x1020 cm-3. An increase in 
surface doping concentration leads to a decrease in contact resistance, but also increases carrier 
recombination11. These effects need to be balanced. Again, the manipulation of the doping profile is 
achieved by changing the N2-POCl3 gas flow. This process is flexible enough to achieve a desired 
phosphorus BSF doping profile, while allowing for simultaneous boron emitter diffusion.  
 
For industrial application process homogeneity 
over the diffusion boat and the wafer are very 
important. Figure 6 presents the average sheet 
resistance (156 x 156 m² wafer) and the 
standard deviation of the sheet resistance over 
the wafer surface for different positions in the 
diffusion boat. The sheet resistance and its 
standard deviation are determined by an 
inductive 3 track measurement. For both 
processes the sheet resistance is constant over 
the diffusion boat within the accuracy of the 
measurement. The doping homogeneity over 
the wafer increases with decreasing sheet 
resistance. Homogeneity of the process 
 not an issue for 
industrial application.  
 
 
3.3. Co-diffusion 
One finding from chapters 3.1 and 3.2 is that it is very difficult to find one set of parameters that 
allows for adequate boron and phosphorus diffusion in one high temperature step. One straight forward 
way to determine such a set of parameters is to use temperature and oxygen concentration to achieve the 
desired boron doping profile and then use a parameter for manipulation of the phosphorus diffusion 
without changing the boron diffusion. We show in chapter 3.2 that the N2-POCl3 gas flow is a suitable 
parameter to adjust the phosphorus doping profile. Now the question remains if the N2-POCl3 gas flow 
has an influence on the boron diffusion.  
 
Measurements with a p-n tester after removal of the doped glasses show that the N2-POCl3 gas flows 
applied in the diffusions presented in figure 5 may lead to cross doping. For the 45 /sq. diffusion the 
area underneath the boron glass is n-doped, whereas for lower N2-POCl3 gas flows no cross doping is 
observed. These results are confirmed by ECV, sheet resistance and scanning electron microscopy 
measurements. Thus a limited adjustment of the N2-POCl3 gas flow seems to be the only possibility to 
adjust the phosphorus doping profile without changing the boron doping profile, since temperature and 
oxygen gas flow both influence not only the phosphorus but also the boron diffusion.  
4. Conclusion 
In this work we study experimentally co-diffusion processes from APCVD deposited borosilicate glass 
and an atmosphere containing POCl3. Of special interest is the applicability to n-type PERT solar cells, 
 
Fig. 6. Sheet resistance for diffusion processes with one and two 
deposition steps (fig.3). The error bars represent the standard 
deviation of the sheet resistance over a 156x156 mm² wafer. Position 
1 is at the gas inlet.  
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especially with respect to independent manipulation of doping profiles. Boron and phosphorus diffusion 
is performed simultaneously in one single high temperature step using a standard tube furnace. We 
identify the SiOx capping layer thickness as a parameter to adjust the surface concentration of the boron 
profile and the N2-POCl3 gas flow as a parameter to adjust the surface concentration of the phosphorus 
doping profile independently. For low POCl3 concentrations in the process atmosphere no cross doping is 
detected. A dark saturation current density of 80 fA/cm² on a textured surface for the boron 
emitter and a dark saturation current density of 200 fA/cm² on a planar surface for the phosphorus BSF 
allow for an implied Voc of 650 mV which is suitable for this cell concept. 
Acknowledgements 
The authors would like to thank E.Kopp, S.Meier and the PVTEC team for discussion and support 
during processing.  
References 
1. J. Benick, B. Hoex, G. Dingemans, A. Richter, M. Hermle, and S. W. Glunz in High-efficiency n-type silicon solar cells with 
front side boron emitter, Hamburg, Germany, 2009, p. 863. 
2. P. J. Cousins, D. D. Smith, H.-C. Luan, J. Manning, T. D. Dennis, A. Waldhauer, K. E. Wilson, G. Harley, and W. P. 
Mulligan, in Generation 3: improved performance at lower cost, Honolulu, Hawaii USA, 2010. 
3. L. J. Geerligs and D. Macdonald, Progress in Photovoltaics: Research and Applications 12, 309 (2004). 
4. I. G. Romijn, A. R. Burgers, L. J. Geerligs, A. J. Carr1, A. Gutjahr, D. S. Saynova, J. Anker, M.Koppes, L. Fang, X. Jingfeng, 
L. Gaofei, X. Zhuo, W. Hongfang, H. Zhiyan, P. R. Venema, and A. H. G. Vlooswijk, in Optimizing Screen Printed n-type Solar 
Cells Towards 20% Efficiency, Shanghai, China, 2012. 
5. G. Bueno, I. Freire, K. Varner, L. Pérez, R. Lago, J. C. Jimeno, J. Salami, H. Kerp, K. Albertsen, and A. Shaikh, in 
Simultaneous diffusion of screen printed boron and phosphorus paste for bifacial silicon solar cells, Barcelona, Spain, 2005, p. 
1458. 
6. C. O. B. Bazer-Bachi, B. Semmache, Y. Pellegrin, M. Gauthier, N. Le Quang, M. Lemiti, in CO-DIFFUSION FROM BORON 
DOPED OXIDE AND POCL3, Hamburg, Germany, 2011, p. 1155. 
7. M. Sheoran, M. Emsley, M. Yuan, D. Ramappa, and P. Sullivan, in Ion-implant doped large-area n-type Czochralski high-
efficiency industrial solar cells 2012. 
8. R. A. Sinton, A. Cuevas, and M. Stuckings, in Quasi-steady-state photoconductance, a new method for solar cell material and 
device characterization, Washington DC, USA, 1996 (IEEE; New York, NY, USA), p. 457. 
9. A. Cuevas and D. Macdonald, Solar Energy 76, 255 (2004). 
10. D. E. Kane and R. M. Swanson, Journal of Applied Physics 72, 5294 (1992). 
11. P. Rothhardt, T. Stoffels, R. Keding, U. Belledin, A. Wolf, and D. Biro, in CONTROL OF PHOSPHORUS DOPING 
PROFILES FOR CO-DIFFUSION PROCESSES, Frankfurt, Germany, 2012. 
 
 
